Objective: To study incidence, type, etiology, risk factors, and impact on outcome of nosocomial infections during extracorporeal membrane oxygenation. Design: Retrospective analysis of prospectively collected data. Setting: Italian tertiary referral center medical-surgical ICU. Patients: One hundred five consecutive patients who were treated with extracorporeal membrane oxygenation from January 2010 to November 2015. Interventions: None. Measurements and Main Results: Ninety-two patients were included in the analysis (48.5 [37-56] years old, simplified acute physiology score II 37 [32][33][34][35][36][37][38][39][40][41][42][43][44][45][46][47]) who underwent peripheral extracorporeal membrane oxygenation (87% veno-venous) for medical indications (78% acute respiratory distress syndrome). Fifty-two patients (55%) were infected (50.4 infections/1,000 persondays of extracorporeal membrane oxygenation). We identified 32 ventilator-associated pneumonia, eight urinary tract infections, five blood stream infections, three catheter-related blood stream infections, two colitis, one extracorporeal membrane oxygenation cannula infection, and one pulmonary-catheter infection. G+ infections (35%) occurred earlier compared with G-(48%) (4 [2-10] vs. 13 [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] days from extracorporeal membrane oxygenation initiation; p < 0.001). Multidrug-resistant organisms caused 56% of bacterial infections. Younger age (2-35 years old) was independently associated with higher risk for nosocomial infections. Twenty-nine patients (31.5%) died (13.0 deaths/1,000 person-days of extracorporeal membrane oxygenation). Infected patients had higher risk for death (18 vs. 8 deaths/1,000 persondays of extracorporeal membrane oxygenation; p = 0.037) and longer ICU stay (32.5 [19.5-78] vs. 19 [10.5-27.5] days; p = 0.003), mechanical ventilation (36.5 [20-80.5] vs. 16.5 [9-25.5] days; p < 0.001), and extracorporeal membrane oxygenation (25.5 [10.75-54] vs. 10 [5-13] days; p < 0.001). Older age (> 50 years old), reason for connection different from acute respiratory distress syndrome, higher simplified acute physiology score II, diagnosis of ventilator-associated pneumonia, and infection by multidrug-resistant bacteria were independently associated to increased death rate.
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MATERIALS AND METHODS
This is a retrospective analysis of prospectively collected data of all consecutive ECMO patients admitted to the General ICU of San Gerardo Hospital (Monza, Italy) from January 2010 to November 2015. For further details on ECMO setting and patients' standard of care, see Setting and Standard of Care, see Supplementary Material, Additional Methods (Supplemental Digital Content 1, http://links.lww.com/CCM/C779).
The study was approved by the Institutional Ethical Committee. All patients receiving ECMO support for more than 24 hours were included in the study. Exclusion criteria were 1) ICU length of stay (LOS) less than 24 hours; 2) ECMO use less than 24 hours; 3) occurrence of a NI prior to ECMO connection; and 4) missing medical records. The following baseline patients' data and ECMO variables were collected: demographics (i.e., gender, age), smoke habits, comorbidities stratified according to Charlson Comorbidity Index (8) femoro-femoral, femoro-jugular, jugulo-femoral), transfer from peripheral hospital by mobile ECMO team, length of IMV before ECMO connection, and antimicrobial therapy.
The following outcomes were recorded: survival at ICU discharge, ICU LOS, duration of IMV, and ECMO.
All positive microbial cultures obtained from the beginning of ECMO support until 48 hours after decannulation were independently evaluated based on available clinical, laboratory, and radiographic data by two specialized intensivists (V.S. and G.G.) and two infectious diseases specialists (S.D.B. and L.A.) following international guidelines (9) (10) (11) . Accordingly, the following NIs were diagnosed: ventilator-associated pneumonia (VAP), catheter-associated urinary tract infection (UTI), bloodstream infection (BSI), catheter-related bloodstream infection (CRBSI), Clostridium difficile colitis, and pulmonary aspergillosis ( Table S1 , Supplemental Digital Content 1, http:// links.lww.com/CCM/C779) (12) . ECMO cannula insertionsite infection was diagnosed when all the following were present: 1) local erythema and purulent drainage; and 2) cultures of the purulent drainage positive for microorganism other than common skin contaminants. Only the first NI episode was included in the analysis.
The causative microorganisms were defined multidrug resistant (MDR) according to Center for Disease Control definition (13).
Statistical Analysis
The crude incidence rate (IR) for the first NI for 1,000 person-days of ECMO (IR/1,000 ECMO-pd) was calculated and presented as 95% CIs for all the factors analyzed. The KruskalWallis test was utilized to compare nonparametric continuous variables between infected and noninfected patients.
Cox regression models were used to identify independent risk factors associated with the first NI through hazard ratios (HRs) estimates. All subjects were included in the models, and follow-up began at the time of ECMO initiation. The time variable used to determine ECMO-infection rate (i.e., the infection-free ECMO days) was calculated as the sum of the total number of days of ECMO for noninfected patients and as the total number of ECMO days before infection for infected ones.
A similar analysis was carried out to identify potential factors associated with death during ECMO. First NI event, type of infection, microorganisms resistance, and type of microorganism were entered in the model predicting ECMO death as a time-dependent variable.
In the multivariable models, variables found to be statistically significant in the univariable model (i.e., year of hospitalization, age, and first infectious event) were considered as covariates.
The distributions of microorganisms identified in the first NI, as well as the median and interquartile range of the total number of days of ICU, ECMO, and mechanical ventilation were showed in strata of type of infection for descriptive purpose.
Statistical significance was defined as p less than 0.05. Analyses were performed using SAS 9.4 (SAS Institute, Cary, 
RESULTS
From January 2010 to November 2015, 105 patients were treated with ECMO at the General ICU of San Gerardo Hospital (Monza, Italy). Ninety-two subjects (median age, 48.5 yr; 63% male) were included in the analysis. Thirteen patients were excluded for the following reasons: one died less than 24 hours from ICU admission; 10 had a documented NI prior to ECMO start; in two cases, medical records were not available.
The 92 included subjects underwent 2,223 ECMO-days (14 [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Table 1 . All but a single patient underwent IMV during ECMO. In all patients, percutaneous peripheral cannulation was performed. The most frequent indication for ECMO initiation was acute respiratory distress syndrome (ARDS), diagnosed in 72 patients (78%). In 52% of these patients, primary ARDS was caused by community-acquired pneumonia, which was due to viral causes in 48% of the cases (with influenza A/ H1N1 being the most common pathogen) and of bacterial etiology in 38% of the cases. Overall, 71% of the patients had a primary infection at admission (Table S2 , Supplemental Digital Content 1, http://links.lww.com/CCM/C779). At the time of ECMO start, all patients were receiving antibiotics.
Fifty-two subjects (55%) developed an NI during their ECMO course. A total of 1,032 infection-free ECMO days were observed, corresponding to an IR of the first NI of 50.4 infections/1,000 ECMO-pd. Infections occurred at a median of 18.5 (11.2-29) days after hospital admission, 14 (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) days postintubation, and 9 (4-18.5) days after ECMO start. The cumulative probability of being infection-free was 49% (95% CI, 35-60%) after 14 days of ECMO (Fig. 1) . Twenty-nine patients (56% of the infected patients) suffered a recurrent NI following the first episode (maximum 10 episodes in a single patient), for a total of 100 subsequent infections.
Age was the only variable independently associated with the risk of NI using the multivariate Cox regression analysis (for further details, see Table S3 Microorganisms causing the first NI and the IR of each NI type are listed in Table 2 . VAP due to G-bacteria (especially nonfermenting organisms) was the most common cause of infection. NIs due to MDR bacteria occurred in 24 cases (56%) of all bacterial infections. Infections due to G+ bacteria Table S5 , Supplemental Digital Content 1, http://links.lww.com/CCM/ C779). Recurrent infections were mostly VAP due to G-bacteria or fungal pathogens (for further details, see Table S6 , and S7, Supplemental Digital Content 1, http://links.lww.com/ CCM/C779). Forty-nine (92%) of the 52 patients who developed an NI were receiving an antibiotic therapy on the day positive cultures were collected. In 24 cases (46%), antimicrobial therapy was empirically changed immediately after collection of the specimen (i.e., without waiting for the results of the cultures), whereas in the remaining 28 cases (54%), the treatment was modified when the results of the cultures became available. Antimicrobial therapies for the first NIs are detailed in Figure 2 . Seventeen (58%) of the patients with multiple infections died. Furthermore, each infection increased the odds of death by 1.50 (1.13-2.09) (p = 0.003). The multivariable Cox regression analysis was used to identify independent risk factors for death. Several clinical variables were independently associated with a higher mortality risk (Table 3) . Specifically, older age (> 50 yr old) (HR up to 8), reason for ECMO initiation other than ARDS (HR = 3.54), higher SAPS II at admission, diagnosis of VAP (HR = 3.14), and infection due to MDR bacteria (HR = 2.99) were significantly associated with an increased risk of death. Interestingly, patients admitted in the years 2014 and 2015 had a lower death rate (HR, 0.35).
DISCUSSION
In this study, we retrospectively analyzed incidence, microbial etiology, risk factors, and impact on patients' outcome of NI in a large cohort of patients receiving ECMO for refractory respiratory and/or cardiac failure.
Our results confirm the high incidence of infections during ECMO: more than half of our patients (55%) had at least one NI episode. The IR of infections in our cohort (50.4 per 1,000 ECMO-pd) is within the range previously described in literature (from 11.9 to 75.5 cases/1,000 ECMO d) (4, 5) . However, this comparison is affected by important differences with previous studies, concerning study design and statistical methods, diagnostic criteria, infection control policies, case-mix, ECMO management (i.e., VV-ECMO vs. VA-ECMO, cannulation site and technique). Importantly, our analysis was based on the first incidence of infection and thus we were able to calculate the infection rate and the infection-free ECMO days (i.e., the "actual" at-risk period). However, we also performed a descriptive analysis of reinfections: infected patients had a high risk of recurrent infections that were very frequently due to MDR germs and associated with high mortality. Indeed, each infection significantly increased the odds of death by 1.5. Our patient population was quite homogeneous: all patients had a medical disease, and no surgical (postcardiothomy) patients were included in the study. The vast majority of the patients (87%) received VV-ECMO for ARDS, and all patients had peripheral percutaneous cannulation. Of note, no patient underwent emergency cannulation and connection to ECMO for extracorporeal resuscitation following cardiac arrest. These are major differences with recent studies (4, 5, 14-16) that included a majority of patients on VA-ECMO and a significant proportion of surgical patients requiring central cannulation.
Many studies reported a clear association between the risk of NI and ECMO duration (5, 14, 17) ; however, the presence of an infectious complication may cause prolongation of ECMO support. In our study, patients developing an infection had more than double duration of ECMO and IMV and almost double ICU LOS. By means of the survival analysis, we confirmed that the probability of remaining NI-free decreased with the increase in time spent on ECMO: more than half of the patients on ECMO for 2 weeks developed NI. Among the patients' characteristics at admission, only younger age was significantly and independently associated with an increased risk of NI. These results may be skewed due to the inclusion of four young asthmatic patients, who received high doses of steroids and developed NI earlier than the other patients. This finding differ from previous reports (17), which described an increased risk of NI in older patients, but did not adjust the analysis for comorbidities or severity scores, possibly biasing the results against older (and sicker) patients. It is important to underline that in our patient population two other variables (duration of IMV before ECMO > 3 days and ECMO configuration other than VV) showed very high HR estimates for risk of NI but did not reach statistical significance probably due to the limited sample size. Of note, we chose a cutoff of 3 days of IMV prior to ECMO initiation (compared with 7 days as reported in previous literature), given that 3 days was the median duration of IMV prior to ECMO. Indeed, in our institution, we rarely cannulate a patient ventilated for more than 7 days.
The clinical diagnosis of infection in ECMO patients is challenging, since they invariably have signs of systemic inflammatory response, possibly triggered by ECMO itself and fever is often nonapparent since body temperature is controlled by ECMO heat exchanger. For this reason, we analyzed only microbiologically confirmed infections: all positive cultures have been reviewed by experienced intensivists and infectious disease specialists, and the diagnosis of infection was based on rigorous criteria described previously. We found that G-infections occur significantly later than G+ infections. The shift from G+ to G-bacteria can be possibly due to increasing antimicrobial exposure, intestinal microbiota selection during the hospital stay (18) , and gut mucosal barrier impairment (19, 20) . To the best of our knowledge, this is the first study describing the pattern of antimicrobial resistance of microorganisms infecting ECMO patients. We observed a very high incidence of infections caused by MDR bacteria, especially G-nonfermenting germs causing VAP. This finding is not surprising, since ECMO patients are frequently exposed to broad-spectrum antibiotics, have an acquired or primary immunocompromise, and are hospitalized and mechanically ventilated for longer periods of time (21) . Furthermore, our study included a large number of patients with influenza A-H1N1 pneumonia, in whom the incidence of MDR bacterial superinfections is known to be very high (6). The higher incidence of infections due to G-bacteria and the pattern of antibiotic resistance confirmed a trend already described in recent studies in ICU patients (22, 23) . Interestingly, we did not observe CRBSI caused by Candida spp. This may be due to an appropriate management of catheters that prevented previously described yeast-associated CRBSI (24) . As recently described (25), we observed a high incidence of invasive pulmonary aspergillosis even in subjects without classical risk factors for Aspergillus spp. infections, suggesting a possible causative role of ECMO per se in favoring mold infections. Larger studies are needed to investigate fungal infections during ECMO.
We observed a significant association between occurrence of NI and death rate: in our patient population, infected patients, in particular with VAP, had more than double chance of dying compared with noninfected ones. Other factors independently associated with death were older age, a diagnosis other than ARDS, and higher SAPS at admission. Importantly, our study is the first to report a significant association between infections (in particular VAP) caused by MDR organisms and mortality during ECMO: patients developing an MDR infection had three times higher odds of death than noninfected subjects. Of note, MDR infections were more frequent in older, infected, and dialyzed patients. The effect of MDR infections on mortality of critically ill patients is controversial; only a few studies showed a significant association with an increased risk of death (22, 25, 26) . Our results confirm that MDR infections have an important clinical impact in this fragile population. We observed a reduction in mortality during the 2014-2015 time period that may be associated to the higher number of cases of ARDS due to H1N1 influenza, which is known to be have low mortality rates (27) . Indeed, 12 patients with H1N1-ARDS (of whom nine survived) were treated during the period 2014-2015, whereas only nine cases were admitted during the previous four years. The main limitation of our study is its retrospective and single-center nature limited to medical patients only, which precludes the extrapolation of the results to the general population of medical ECMO patients. In addition, it does not allow to draw any definitive conclusions with regard to the cause-effect relationship between ECMO and the risk of infection due to the lack of a control group of ARDS patients who did not receive ECMO support. Prospective, multicenter studies are necessary to evaluate the epidemiology of NIs in ECMO patients and their impact on outcomes. Such trials could help in understanding whether patients in ECMO have an increased risk of NI in comparison with general ICU patients in order to implement specific prevention strategies in this particular population (28) .
CONCLUSIONS
Our study shows that, in a homogeneous population of medical patients requiring ECMO therapy mainly for respiratory support, the incidence of NI is very high. The most common NI observed was VAP, most frequently caused by G-bacteria. Patients developing an infection had a longer duration of ECMO and mechanical ventilation, a longer ICU stay, and lower survival rates. The rate of MDR bacterial isolates was very high, and a first NI episode caused by MDR organisms was an independent risk factor for death.
